Background and aims Ferric reductase activity is a rate-limiting step in the accumulation of iron by Strategy I plants. Preliminary work with Lotus japonicus accessions Miyakojima MG-20 and Gifu B-129 identified differences in shoot chlorosis and ferric reductase activity. This study assessed the genetic basis for these differences. Methods Lines of a recombinant inbred population, derived from Miyakojima and Gifu, were tested for whole-root ferric reductase activity and shoot chlorosis following iron-limited growth. A ferric reductase gene (LjFRO1) was cloned from both parents. Protein sequence analysis, transcript abundance, and yeast complementation studies were conducted with the two parental alleles. Results A single quantitative trait locus (QTL) was identified for both ferric reductase activity and shoot chlorosis, with each QTL explaining~30% of the variation and both overlapping across the same region of chromosome 3. LjFRO1 mapped to chromosome 3, but to a region adjacent to the reductase and chlorosis loci. Nucleotide variation in LjFRO1 parental alleles was identified, as were minor functional differences between the two proteins. Conclusions The results indicate that both allelic variation (providing potential functional differences) and unidentified molecular components (derived from non-LjFRO1 genetic loci) can contribute to the regulation of ferric reductase activity and chlorosis susceptibility.
Introduction
Iron is an essential nutrient for plant growth and development. Within the plant, iron is necessary as a structural cofactor and as a redox component. Iron is required for a number of processes including photosynthesis, respiration, hormone synthesis and nitrogen fixation (Marshner 1995) . Iron is one of the most abundant elements in the earth's crust, but aerobic soil conditions create insoluble ferric hydroxide compounds limiting iron bioavailability to femtomolar concentrations (Hell and Stephan 2003) . Two different biochemical mechanisms to increase iron bioavailability have been identified in plants. Strategy I plants acidify the rhizosphere, reduce ferric iron (Fe 3+ ) to the ferrous (Fe 2+ ) form, then transport ferrous iron into root epidermal cells (Marshner 1995) . Strategy II, a chelation strategy used by the grasses, releases phytosiderophores into the soil, where the compounds bind available ferric iron and the resulting phytosiderophore-ferric iron complex is taken up by specific root transporters (Römheld and Marschner 1986; Hell and Stephan 2003) .
Ferric reductase activity and ferrous iron transport at the root epidermis are very tightly regulated based on plant iron status. In Arabidopsis, FRO2 and IRT1 regulation occur both transcriptionally and posttranslationally (Connolly et al. 2002 (Connolly et al. , 2003 Vert et al. 2003) . Regulation is affected both by local iron status and through long distance shoot signaling of iron status (Grusak and Pezeshgi 1996; Connolly et al. 2003) . Physiological studies completed in pea demonstrate that the reduction of ferric iron is the rate-limiting physiological process in iron acquisition (Grusak et al. 1990 ). The importance of ferric reductase activity in plant growth was also demonstrated in AtFRO2 overexpression lines grown on low iron media (Connolly et al. 2003) . AtFRO2 transcription, along with AtIRT1 transcription and protein stability, require the bHLH transcription factors AtFIT, bHLH38 and bHLH39 (Colangelo and Guerinot 2004; Jakoby et al. 2004; Wang et al. 2007; Yuan et al. 2008) . To date, the mechanisms responsible for ferric reductase regulation at the protein level remain unknown.
As a means to gain further molecular understanding with respect to the regulation of root ferric reductase activity, we initiated studies with the model legume, Lotus japonicus. We identified significant ferric reductase activity differences in the Lotus japonicus accessions Miyakojima MG-20 (referred hereafter as Miyakojima) and Gifu B-129 (referred hereafter as Gifu) when the lines were grown in a low iron concentration media. The Gifu ecotype also demonstrated a high degree of leaf chlorosis in new growth relative to the Miyakojima ecotype. The objective of this study was to identify the genetic basis for these observed differences. Lotus has been developed as a model legume because of its amenable growth habit, short life span, and small genome size (Gepts et al. 2005; Udvardi et al. 2005; Sato and Tabata 2006; Sato et al. 2008) . Resources developed for Lotus include large scale genomic sequencing projects, a number of mapping populations, high density linkage maps and publicly available mapped recombinant inbred lines (RILs) from the Gifu B-129 and Miyakojima MG-20 accessions (Hayashi et al. 2001; Kawaguchi et al. 2001; Sato and Tabata 2006; Sato et al. 2001 Sato et al. , 2007 Sato et al. , 2008 . With these available resources, we conducted a QTL study of root reductase activity and leaf chlorosis in the Miyakojima x Gifu RIL population. The root-localized, iron deficiency inducible ferric reductase gene, LjFRO1, was also isolated, mapped and characterized. Ferric reductase activity was characterized both in planta and in a yeast complementation assay.
Materials and methods

Plant material and growth conditions
Lotus japonicus accessions Miyakojima and Gifu and the RILs derived from these accessions were obtained from the Biological Resource Center in Lotus and Glycine, Department of Biological Production and 364 Plant Soil (2012) 351:363-376 Molecular studies of Strategy I plants have identified three gene families directly involved in the iron acquisition process. In Arabidopsis, AtAHA2, a plasma membrane bound H + -ATPase proton pump has been characterized as root expressed and iron deficiency responsive (Santi and Schmidt 2009 ). AtFRO2 and AtIRT1 have been characterized as the iron responsive, root epidermis localized ferric reductase and iron transporter, respectively, responsible for iron acquisition (Eide et al. 1996; Robinson et al. 1999 ). Homologs to the AtAHA2, AtFRO2 and AtIRT1 genes have been identified and characterized in other Strategy I species including tomato (Solanum lycopersicum), pea (Pisum sativum), peanut (Arachis hypogeaea), and cucumber (Cucumis sativus) (Eckhardt et al. 2001; Waters et al. 2002; Cohen et al. 2004; Li et al. 2004; Waters et al. 2007; Ding et al. 2009 ). These homologs are expressed in roots and exhibit root epidermis localization and whole-plant iron status regulation as demonstrated in Arabidopsis. (Altschul et al. 1997) .
Following sequence homology confirmation, overlapping primers were designed and 5′ and 3′ RACE (Invitrogen) was completed to isolate the entire LjFRO1 cDNA fragment (deposited as Genbank accessions: JF290366, Miyakojima MG-20; JF290367, Gifu B-129). Final protein sequence was compared to Arabidopsis thaliana FRO2 (NP_171664) and Pisum sativum FRO1 (AAK95654). Protein sequence characteristics were determined using ProtParam (Gasteiger et al. 2005 ) and membrane spanning domain predictions were based on the transmembrane prediction program TMAP Argos 1994, 1996) . Multiple sequence alignments were run with CLUSTALW (Larkin et al. 2007 ); identity and similarity shadings were made with BOXSHADE v.3.21 (http://www.ch. embnet.org/software/BOX_form.html).
Quantitative LjFRO1 expression
Low-and sufficient-iron grown Miyakojima and Gifu accessions of Lotus were analyzed for LjFRO1 expression. Following harvest, plant tissues were ground with liquid N 2 and total RNA was isolated (Qiagen RNeasy Plant Mini Kit, Qiagen Inc.).
Isolated RNA was treated with DNaseI (Ambion) prior to RNA quantification. RNA quality and quantity were checked with a NanoDrop ND-1000 UV-vis Spectrophotometer (Nano-Drop Technologies, Wilmington, DE US). First strand cDNA was synthesized using the ABI High Capacity RNA-tocDNA Master Mix (Applied Biosystems, Foster City, California). Real-time PCR was performed using SYBR ® Green PCR Master Mix and the ABI Prism 7900HT sequence detection system (Applied Biosystems). LjACT (Genbank accession: CB827119) was used as the reference housekeeping gene and was amplified in parallel with LjFRO1 for gene expression normalization. All PCR reactions were run in triplicate. Optimal cDNA concentrations and linear correlation between target and housekeeping genes were confirmed by serial dilution series. LjFRO1 and LjACT primers are listed in Table 1 . PCR temperature steps were 50°C for 2 min, 95°C for 10 min, then 40 cycles of 95°C for 15 s and 60°C for 1 min. Melting curve analysis was run at the completion of amplification phase on all runs to confirm single product amplification. Analysis of expression data was performed using Sequence Detection System software v.2.2.2 (Applied Biosystems). Relative transcript levels were quantified using the comparative C T method (Livak and Schmittgen 2001) and normalized to Miyakojima root tissue grown at the iron-sufficient concentration.
Yeast complementation studies
LjFRO1 from Gifu and Miyakojima cDNAs were cloned into the SacI and XbaI sites of vector pYES 2.1 (Invitrogen, Carlsbad, CA, USA) using primers LjFROy-F and LjFROy-R listed in Table 1 . Constructs were sequenced to ensure that no sequence changes had occurred during PCR. For transformation, two knock-out strains of S. cerevisiae, FRE1 (acc. No. Y14163; genotype: BY4742; MATΔ; his3Δ1; leu2Δ0; lys2Δ0; ura3Δ0; YLR214w:: kanMX4) and FRE2 (acc. No.Y17039; genotype: BY4742; MATΔ; his3Δ1; leu2Δ0; lys2Δ0; ura3Δ0; YKL220c::kanMX4) (Euroscarf, Frankfurt, Germany) were grown overnight at 30°C in 10 mL of Yeast Extract Peptone Dextrose Medium (YPD). Overnight cultures were diluted to an OD 600 of 0.4 in 50 mL of YPD medium and grown for an additional 4 h. Yeast transformations were performed by the lithium Table 1 Primers used for LjFRO1 cDNA isolation, LjFRO1 RT-PCR analysis, LjFRO1 mapping and LjFRO1 yeast complementation. Primer names with 'F' in the ending are forward primers and names with 'R' in the ending are reverse primers Name Sequence
acetate-based method (Gietz and Schiestl 1991) using the pYES2.1, pYES2.1-Miyakojima LjFRO1, or pYES2.1-Gifu LjFRO1 constructs. Synthetic minimal defined medium lacking uracil (SC-URA) and with all the auxotrophic requirements was used to select transformants. For yeast complementation studies, SC-URA media was prepared with yeast nitrogen base without divalent ions (Ca, Cu, Fe, Mg, Mn and Zn) (BIO 101 Systems, Inc., Carlsbad, CA), complete supplemental mixture of amino acids lacking uracil (BIO 101 Systems, Inc., Carlsbad, CA), 20% galactose, and supplemented with 0.9 mM CaCl 2 , 4 mM MgSO 4 , 2.5 μM MnSO 4 , 0.25 μM CuSO 4 , 32.5 μM ZnSO 4 , 600 μM BPDS, and either 10 μM Fe(III)-EDTA for the low iron plates or 100 μM Fe(III)-EDTA for the iron-sufficient plates (control). Yeast strains were inoculated in a 25 mL culture of YPD containing galactose as the carbon source and grown overnight at 30°C. The cultures were adjusted to an OD 600 of one and five dilutions (1:10, 1:20, 1:100, 1:200 and 1:1000) were made. To assess growth, 10 μL of each dilution were spotted on low iron and iron-control plates and grown for 5 days at 30°C. Yeast complementation studies were repeated three times with three independent transformants of each construct.
QTL mapping with map construction
Initial QTL mapping used the genetic map and genotypic data available at: http://www.kazusa.or.jp/ lotus/RIline/RI_map.html. Simple interval mapping of quantitative traits was conducted with the MapQTL® 5.0 package (van Ooijen 2004) using the Interval Mapping Method. The logarithm of odds (LOD) significance threshold was determined at 5% based on permutation test results (1000 permutations). Following initial mapping, three additional simple sequence repeat (SSR) markers described by Sato et al. (2008) were identified within the region of interest on chromosome 3. These markers (TM0213, TM1468 and TM1648) were genotyped across 122 RI individuals grown in this study or in Klein and Grusak (2009) .
Following the isolation of the ferric reductase gene (LjFRO1) in Lotus, primer pairs were designed to span the 12 nucleotide deletion identified between the Gifu and Miyakojima LjFRO1 alleles. Primer pairs used for mapping are listed in Table 1 as LjMap-F and LjMap-R. The 122 RI individuals grown in this study or in the study described by Klein and Grusak (2009) were genotyped with the LjFRO1 markers. Map construction was completed using JoinMap 4.0 (van Ooijen 2006); LjFRO1 grouped to chromosome 3 with a LOD score ≥ 5.0. Marker distances and LjFRO1 location were calculated with a minimum LOD score of 1.0, a recombination threshold of 0.4, and marker order for all other markers were fixed in the order described by Sato et al. (2008) .
A second round of QTL mapping was run using the genotypic map containing the original 96 markers, the three additional Kazusa markers and LjFRO1 for a total of 100 markers. Quantitative trait mapping and analysis was then conducted using the multiple QTL method (MQM) from the MapQTL® 5.0 package (van Ooijen 2004). Automatic cofactor selection was applied for cofactor identification and a 1.0 cM step size was used for MQM mapping. The experimental LOD threshold was calculated at 5% using the permutation test. QTL positions were assigned to the maximum local LOD scores.
Results
Analysis of reductase activity and leaf chlorosis
An initial survey of ferric reductase activity using the Lotus accessions Miyakojima and Gifu identified significant differences in whole root ferric reductase activity and leaf chlorosis when grown in iron replete [5.0 μM Fe(III)-EDDHA] or in low iron [0.5 μM Fe (III)-EDDHA] hydroponic media. When plants were grown in iron replete media, the average leaf SPAD value for Gifu was lower than that for Miyakojima (SPAD values of 35.4 and 47.5, respectively) ( Table 2) . This difference in average leaf SPAD value increased between the parental lines treated for 1 week with low iron concentrations; the average leaf SPAD value for Gifu decreased to 29.2 while no significant difference was seen in Miyakojima (53.3) ( Table 2) . A significant difference in ferric reductase activity was also observed between these two lines. In iron replete hydroponic media, ferric reductase activity in Gifu averaged 0.27 μmol Fe reduced g FW A total of 107 Miyakojima x Gifu RILs were grown with a low iron treatment prior to measuring ferric reductase activity. Parental lines were grown at multiple time points over the course of the evaluation of the RI population to confirm similar growth rates, leaf chlorosis and reductase activity. Reductase activity ranged from 0.24 to 4.17 μmol Fe reduced g FW −1 h −1 , a 17-fold difference, across the RILs (Fig. 1a , Table 2 ). SPAD value measurements across the RILs ranged from 17.4 to 61.9, a 3.6 fold difference (Fig. 1b, Table 2 ). SPAD values are an indirect measurement of chlorophyll concentration based on the transmission of red light (at 650 nm) and the transmission of infrared light (at 940 nm) through a leaf sample. Lower SPAD values indicate a higher degree of leaf chlorosis. Previous studies have demonstrated a direct correlation between SPAD values and leaf chlorophyll concentration (Markwell et al. 1995; Richardson et al. 2001; Uddling et al. 2007 ). In this study, both ferric reductase activity and SPAD values showed transgressive segregation relative to parental lines (Fig. 1a, b) . The correlation coefficient for SPAD values relative to root reductase activity was 0.40 (p <0.001; Fig. 2 ).
QTL analysis
A single ferric reductase activity QTL and a single SPAD value QTL were identified in this study. Both QTL overlapped across the same 5.8 cM region of chromosome 3, where they localized most closely to marker TM0213 (Table 3 ; Fig. 3 ). The Miyakojima ecotype was the contributing parental allele for higher SPAD and higher ferric reductase activity values. The significance LOD threshold was calculated at 2.4 for reductase activity and 2.7 for SPAD values. The ferric reductase activity QTL had a LOD score of 8.89 and explained 32.1% of the observed trait variation (Table 3 ). The SPAD value QTL had a LOD score of 7.74 and explained 28.9% of the trait variation (Table 3) .
LjFRO1 isolation and characterization
An iron-responsive, root-localized ferric reductase gene LjFRO1 was isolated from both Miyakojima and Gifu using the Fro1-DF3 and Fro1-DR3 degenerate primers (Table 1) followed by 5′ and 3′ RACE-PCR. These primers were previously used to successfully isolate PsFRO1 (Waters et al. 2002) . The LjFRO1 clone isolated from Miyakojima contained a 2121 bp open reading frame, encoding a 706 aa protein with a MW of 78.9 kD. The Gifu allele lacked a 12 bp fragment beginning at bp 1782 (relative to the Miyakojima allele), resulting in a 2109 bp open reading frame, encoding a 702 aa protein product, with a MW of 78.6 kD. The 12 base pair deletion found in Gifu produced an in-frame loss of four amino acids relative to the Miyakojima allele (Fig. 4) . Based on the transmembrane prediction program TMAP, LjFRO1 contains ten membrane spanning domains. The signature motifs common to membrane bound ferric reductase enzymes were also identified in LjFRO1 (Fig. 4) . These sites include the FAD and NADPH binding domains, the oxidoreductase signature sequence, and the conserved histidines necessary for heme binding (all previously described in Waters et al. 2002; Li et al. 2004; Ding et al. 2009 ). The four amino acid deletion seen in the Gifu allele appears to shorten, but not eliminate, the tenth membrane spanning domain. Both LjFRO1 alleles were aligned to PsFRO1 and AtFRO2 using ClustalW (Fig. 4) . Both alleles show 74% identity and 92% similarity to PsFRO1, as well as 61% identity and 84% similarity to AtFRO2. The relative levels of LjFRO1 transcription for ironlimited and iron-sufficient Miyakojima and Gifu accessions was studied by quantitative real time PCR (Fig. 5) . Expression of LjFRO1 in Lotus shoot tissue following both low-and sufficient-iron treatments ranged from 0.77% to 2.48% of the expression seen in the lowest level of root expression, that being ironsufficient Miyakojima roots (data not shown). When LjFRO1 expression levels were compared in Lotus roots, LjFRO1 was more highly expressed in roots of iron-limited plants; expression levels were 10-to 20-fold higher in roots of iron-limited relative to ironsufficient plants in both accessions (Fig. 5) . The LjFRO1 expression difference between roots of lowand sufficient-iron treated plants was significant (p>0.05). Higher LjFRO1 expression levels were also seen in Gifu roots relative to Miyakojima at both iron concentrations but this difference was only statistically significant (p>0.05) under iron-sufficient growth conditions (Fig. 5) .
LjFRO1 mapping
The 12 bp sequence deletion identified in the Gifu allele of LjFRO1 was used to develop size-based markers to map LjFRO1. A new linkage map was constructed for chromosome 3 using the previously genotyped marker and RIL data from Kazusa, the three additional Kazusa markers genotyped for this project, and LjFRO1. The LjFRO1 gene maps between TM1468 and TM0213, the latter being the marker most closely associated with the QTL identified for SPAD values and reductase activity. With the inclusion of the LjFRO1 marker, TM0213 was still most closely linked with the root ferric reductase and SPAD QTLs (Fig. 3) .
Yeast complementation studies
Functional complementation analyses in yeast were performed to determine whether LjFRO1 from Miyakojima and Gifu encode functional iron reductases. LjFRO1 cDNAs were expressed in the S. cerevisiae FRE1 and FRE2 mutants that are partially defective in ferric reductase activity, and thus have reduced growth in low iron media (Georgatsou and Alexandraki 1994) . Expression of both LjFRO1 proteins was able to restore the growth of these mutants in low iron media (Fig. 6a) indicating that both proteins are functional when expressed in yeast. When grown on iron-sufficient control plates (Fig. 6b) , both FRE1 and FRE2 yeast mutants expressing pYES2.1, pYES2.1-Miyakojima LjFRO1, or pYES2.1-Gifu LjFRO1 constructs grew normally. Potential transmembrane domains predicted from TMAP were underlined and numbered I-X. Heme binding histidines found in membranes are marked with "*". FAD and NAD binding sites (HPFT and GPYG, respectively) , and the oxidoreductase signature sequence (lvsggsgitpfisi) were also labeled and marked in bold
Discussion
Strategy I plants require the reduction of iron to its ferrous form, in order to assure sufficient iron acquisition. The activity of the root specific, ironinducible ferric reductase is not only essential to the adequate accumulation of iron, but also appears to be the rate-limiting physiological step under low external iron concentrations (Grusak et al. 1990; Connolly et al. 2003) . One approach to identify the regulatory mechanisms governing ferric reductase activity is to use naturally occurring variation across ecotypes or accessions. This approach allows for an a priori investigation of iron reductase activity, as has been used in the study of iron deficiency chlorosis in soybean (Lin et al. 1997; Wang et al. 2008) . In this study, a quantitative genetics approach was employed with a RI population of L. japonicus to assess root ferric reductase activity and leaf chlorosis. Parental alleles for a ferric reductase gene (named here as LjFRO1) were also identified and their expression, genomic map position, and protein products characterized. Together, these data facilitated a comparative analysis of genetic loci for enhanced root ferric reduction and shoot chlorosis susceptibility, with the locus for a known component of the root iron reduction process.
It is worth noting that leaf chlorosis, rather than leaf Fe concentration, was used to assess internal, bioavailable Fe in this study. This decision was made because differences in leaf Fe concentrations were not observed between the parental accessions, even as chlorosis scores showed significant differences between the parents (Table 2 ). This was not unexpected, as it has been known for some time that Fe-deficient leaves may have Fe concentrations similar or even higher than those present in Fe-sufficient leaves. This has been termed the "Fe-chlorosis paradox" (Morales et al. 1998; Römheld 2000) . This phenomenon, although not common in hydroponically grown plants, occurs often in plants grown in highly calcareous soils and it has been linked to an Fe immobilization in areas close to the vascular system (Abadía et al. 2011) . Thus, for this study, leaf chlorosis was selected as a more physiologically meaningful indicator of internal, utilizable Fe, rather than leaf Fe concentration.
Lotus japonicus accessions Miyakojima and Gifu were originally selected for RIL establishment and genetic study based on the genetic and phenotypic diversity of these two lines relative to other wild collected Lotus accessions (Kawaguchi 2000; Kawasaki and Murakami 2000) . When we grew these lines under both replete and low iron conditions, Miyakojima demonstrated both higher whole root reductase activity and lower levels of leaf chlorosis ( Fig. 1; Table 2 ). Results from 109 Miyakojima x Gifu RILs showed a 17-fold range in root ferric reductase activity and a 3.6-fold range in SPAD values. A statistically significant but relatively low correlation value of 0.4 (Fig. 2) suggests a positive linkage between lower reductase activity levels in the root and higher leaf chlorosis levels, and that other factors are associated with these traits as well. One possibility might be differences in iron utilization amongst the RILs. The transgressive segregation identified across the RILs, relative to the parental accession traits, also supports the involvement of additional factors.
In addition to the functional assays with the Lotus Miyakojima x Gifu RILs, we worked to isolate the gene and characterize the root-expressed, low-iron responsive ferric reductase protein from L. japonicus. In all studies of Strategy I plants completed to date, a single reductase gene product appears to be responsible for ferric reductase activity at the root epidermis (Eckhardt et al. 2001; Waters et al. 2002; Cohen et al. Fig. 5 LjFRO1 expression levels in roots of iron sufficient and iron limited Lotus plants. Transcript abundance was studied by quantitative real time PCR using SYBR ® Green. LjACT was used as the reference housekeeping gene. LjFRO1 and LjACT primers are listed in Table 1 . Relative transcript levels were normalized to Miyakojima root tissue grown at the ironsufficient concentration (5.0 μM Fe(III)-EDDHA). All PCR reactions were run in triplicate 2004; Li et al. 2004; Waters et al. 2007; Ding et al. 2009 ). Through the use of degenerate primers and RACE-PCR, we identified a putative ferric reductase gene with high nucleotide and protein sequence homology to PsFRO1 and AtFRO2. Alignments of the Gifu and Miyakojima LjFRO1 cDNAs identified a 12 base pair deletion in the Gifu allele. Both statistical modeling Argos 1994, 1996) and experimental studies (Schagerlöf et al. 2006) suggest that the four missing amino acids align with the tenth transmembrane spanning domain. This membrane spanning domain does not contain any known highly conserved protein domain, such as the heme binding histidines or the FAD or NADPH binding motifs; however, the shortened domain could result in steric hindrance and might influence protein activity.
To confirm that both LjFRO1 alleles encode functional ferric reductase proteins, a complementation assay was conducted using the S. cerevisiae FRE1/FRE2 mutants. FRE1 and FRE2 are ferric reductase proteins with overlapping functions in yeast (Georgatsou and Alexandraki 1994) . The ability of both LjFRO1 alleles to support growth in these mutant yeast lines under low iron conditions confirms their ferric reductase activity. It should also be noted that when expressed in the FRE1 mutant, Miyakojima LjFRO1 was able to support growth slightly better than Gifu LjFRO1 (Fig. 6a) suggesting that Miyakojima LjFRO1 might be more efficient than Gifu LjFRO1 in reducing Fe 3+ from the growth medium.
Transcriptional analysis of LjFRO1 in both ecotypes indicated that the expression of this gene was induced by iron-limited growth conditions (Fig. 5) , similar to that seen in other species (e.g., AtFRO2, PsFRO1) (Robinson et al. 1999; Waters et al. 2002) . Furthermore, expression of this gene was quite low in shoot tissues. This transcriptional evidence supports classification of this gene as the root-localized, irondeficiency induced ferric reductase gene, and that it thus encodes the primary ferric reductase protein responsible for root iron reductase activity. Interestingly, for plants grown with 5 μM Fe, LjFRO1 expression was significantly higher in the Gifu accession, relative to Miyakojima, whereas no significant differences were measured in the low Fe treatment (Fig. 5 ). This contrasts with the fact that Gifu had a lower root ferric reductase activity and lower SPAD values in both Fe regimes, relative to Miyakojima (Table 2 ). This apparent incongruity in the gene expression and functional activity data indicates that the upregulation of gene expression upon Fe shortage is seen in both cultivars and suggests therefore that other layers of regulation (which ultimately might be related to the QTL loci found in the present work), acting downstream of gene expression, are important for the induction of ferric reductase activity. In addition, the higher expression observed at 5 μM Fe could also be a reflection of an apparently less efficient reductase enzyme derived from the Gifu allele (Fig. 6a) . This would be in agreement with the SPAD results showing that Gifu plants have lower SPAD readings than Miyakojima, in all treatments assayed. Antibodies to the LjFRO1 protein would be needed to assess these possibilities; unfortunately, antibodies for membranebound proteins are difficult to generate.
Without currently being able to survey the complete Lotus genome sequence, the possibility still exists that an additional ferric reductase gene besides LjFRO1 may explain the higher ferric reductase activity seen in Miyakojima. While both AtFRO2 and AtFRO3 are expressed in low iron grown roots (Wu et al. 2005; Mukherjee et al. 2006) , these reports differ in the degree of AtFRO3 shoot expression, with Wu et al. (2005) showing limited shoot expression and Mukherjee et al. (2006) showing a greater degree of shoot expression under both low and replete iron concentrations. A sequence alignment of AtFRO2, AtFRO3 and LjFRO1 shows AtFRO2 and AtFRO3 aligning more closely to each other than to LjFRO1 (results not shown), yet we cannot rule out the possibility that LjFRO1 might be a homolog of AtFRO3. Reporter tagged LjFRO1 would resolve this question by determining if this protein is localized to the epidermis or the vascular tissue of Lotus roots. However, based on the very low levels of shoot specific gene expression of LjFRO1 seen in our work, we believe that the expression data do in fact mirror that of an AtFRO2 homolog.
With the identification of the 12 base pair deletion in the Gifu LjFRO1 sequence, we were able to genotype the Lotus RILs for their respective LjFRO1 allele, to integrate the LjFRO1 marker onto the genetic map, and to run the QTL analysis with the LjFRO1 marker. In this study, a single QTL was identified for both the leaf chlorosis and the ferric reductase activity phenotypes, with each QTL explaining a similar percent variation for the traits (28.9% for leaf chlorosis and 32.1% for whole root ferric reductase activity). These QTL coaligned to the same 5.8 cM region of chromosome 3. This tight coalignment of QTL suggests that a similar genetic mechanism may be responsible for the variation in both root reductase activity and leaf chlorosis. Furthermore, the mapping of LjFRO1 to a position directly adjacent to the co-aligned QTLs for root ferric reductase activity and leaf chlorosis means that the allelic differences in the LjFRO1 coding sequence may not directly explain the variation in the ferric reductase and leaf chlorosis phenotypes. A recent study with Phaseolus vulgaris showed a similar lack of convergence between the PvFRO1 locus and the identified ferric reductase loci (Blair et al. 2010) . Additional fine scale mapping, NIL production, and the availability of genomic sequence in this region of the Lotus genome would help further resolve the exact placement of the LjFRO1 gene in relation to our traits of interest. These resources would also assist in the identification of other candidate genes (e.g., transcription factors or co-factor proteins) that might contribute more directly to the regulation of ferric reductase activity and chlorosis susceptibility.
To conclude, results of the current study indicate that an increase in root ferric reductase activity is important, but is not the only factor contributing to a plant's ability to minimize iron deficiency associated leaf chlorosis. Results suggest that both allelic variation (providing potential functional differences) and other molecular components (associated with the QTL, but which are not LjFRO1), such as transcription factors, differences in expression of LjFRO1 along the length of roots, or alterations in molecular machinery needed to regenerate electron donors for the reductase enzyme, can contribute to the regulation of ferric reductase activity and chlorosis susceptibility. In particular, the transgressive segregation noted for root Fe reductase activity amongst the RILs, verifies that even something as 'simple' as root Fe reductase activity must be viewed as a quantitatively based trait, which can be influenced by multiple factors and processes. Furthermore, within species variation, as seen between these two Lotus accessions, should be considered as a useful tool to dissect the molecular pathway components and regulatory steps leading to iron homeostasis. 
